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Abstract 
We have tried to make the superconductor/half metal/superconductor (SC/HF/SC) Josephson junction to make clear a long range 
proximity effect. The structure was consisted of high-Tc superconductor YBa2Cu3O7-x and half metallic ferromagnet 
La0.7Sr0.3MnO3 thin films deposited by pulse laser deposition on SrTiO3(100) single crystal substrates. The SC/HF/SC lateral 
structure was made by scratching with the atomic force microscope (AFM) probe. We could cut the ditch which has 30nm width 
and 50 nm depth. We have investigated the I-V and R-T measurements of the structure. The structure after the fabrication did not 
show the superconducting state and we could not find the Josephson current. 
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1. Introduction 
Recently, the possibility of various applications and the appearance of new interesting physics make the 
experimental and theoretical study of superconducting(SC)/ferromagnetic hybrid structures a popular topic. In a 
conventional SC, the Cooper pairs are formed from electrons with an antiparallel spin alignment and are in the spin-
singlet state [1, 2]. In contrast to superconductivity, ferromagnetism favors a parallel alignment of electron spins. 
Consequently, superconductivity and ferromagnetism rarely coexist, and diverse and complex phenomena arise at 
the interface between superconducting and ferromagnetic thin films [3]. The most striking manifestation happens 
when spin-singlet Cooper pairs pass through a ferromagnet: the differential action of the ferromagnetic exchange 
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field creates a spatially varying phase, which results in an oscillatory damping of the critical current (Ic) over a 
ferromagnetic thickness of about 10 nm [4-10]. 
Recent experiments have detected a longer ranged effect, in which the superconductivity appears to be insensitive 
to ferromagnetic exchange fields [11, 12]. These results could be explained in the context of spin-triplet pairing, in 
which Cooper pairs are formed with a parallel spin alignment at the SC/ferromagnetic interface [13-15]. The spin-
triplet pair is believed to be only weakly affected by the exchange field so that its phase coherence decays on the 
same length scale as that of spin-singlet pairs in a normal metal. Within this theoretical framework, the generation of 
spin-triplet electron pairs requires the presence of particular magnetic inhomogeneity at the SC/ferromagnetic 
interface [13, 16]. Long-range Josephson coupling is presently the most robust way of detecting a spin-triplet current, 
and was reported in [11, 12] for a barrier formed from the half-metal CrO2. Supporting theory suggested that the 
required magnetic inhomogeneity for the spin-triplet proximity effect could be provided by hypothetical spin 
disorder at the surface of the half-metal (HF) [14]. A more recent theory [16] indicates that two matched spin-triplet 
sources are needed to achieve a Josephson effect; physically, this condition requires both interfaces to be 
magnetically non-collinear and to share specific symmetries. Because the nature of the inhomogeneity is uncertain in 
the CrO2 based junctions, reproducibly achieving these symmetry requirements in this system is challenging. An 
enhanced proximity effect was also recently reported in [17]; here the likely source of magnetic inhomogeneity was 
in secondary ferromagnet/normal metal bi-layers placed at the SC/ferromagnetic interface.  
A lot of reports have described the state of Cooper pairs in the ferromagnet or HF. This term “Cooper pair” 
indicates the s-wave superconductivity. Until now, some papers report the electrical transport with the d-wave 
SC/HF/SC junction processed by the focused ion beam (FIB) technique [18]. However, FIB technique might put a 
serious damage in the thin film. So we applied the nano-lithography by scratching with the atomic force microscope 
(AFM) cantilever. Thereby, to make clear the state of Cooper pair of d-wave symmetry in HF, using a high Tc 
superconductor YBa2Cu3O7-x (YBCO) and La0.7Sr0.3MnO3 (LSMO) as an HF, we need to make the junction in the 
lateral structure of YBCO/LSMO/YBCO as shown schematically in Fig.1 (a), and have evaluated the junction by the 
I-V and the R-T measurements. 
 
(a)        (b)
 
 
Fig. 1. (a) Schematic drawing of the sample and scratching YBCO with the AFM cantilever. (b) SEM image of the cross-section. 
2. Experiments 
The sample has the hybrid structure of the ferromagnet LSMO and superconductor YBCO. The LSMO thin film 
was deposited by Pulse Laser Deposition (PLD) technique using a Lambda Physics ArF excimer laser with a 
sintered target of the tuned composition on SrTiO3 (STO) (100) single crystal substrates. Prior to each deposition, 
the deposition chamber was evacuated down to a background pressure as low as 10-5 Pa. Then, the oxygen 
background pressure was kept constant at 30.7 Pa. During the deposition, the laser beam was focused on the rotating 
targets with energy density of 2 J/cm2. All depositions were carried out at a distance of 50 mm between the target 
and the substrate. The laser repetition rate was set to 10 Hz. All the films were grown at a substrate temperature as 
high as 650 degree Celsius. The LSMO layer was deposited to the thickness of 50 nm, and then, YBCO thin film 
was deposited on the LSMO layer with the oxygen background pressure (44.0 Pa). After the YBCO deposition, the 
oxygen gas was introduced up to the pressure of 8.1×104 Pa, and the post-annealing was carried out at the substrate 
temperature 530 degree Celsius. The YBCO layer thickness was estimated to 30 nm from the deposition rate. 
Finally, we evaporated Au (~30 nm) on the film for a passivation layer. YBCO/LSMO thin films were evaluated by 
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XRD with θ-2θ and φ-scanning. The YBCO and LSMO thin films are well oriented along the c-axis and the 
YBCO/LSMO thin film grows epitaxial on STO substrate. The basic structure was patterned by photolithography 
and Ar-ion beam etching. For making a lateral junction of YBCO/LSMO/YBCO, YBCO was removed by scratching 
with the AFM cantilever as schematically drawn in Fig. 1(a). We used a diamond coated cantilever (DCP-20) with 
typical curvature radius 50~70 nm and aspect ratio of 3:1. Before patterning, we observed the cross-section of the 
sample by SEM images (Fig. 1(b)) in order to estimate the thickness. The dc four-terminal measurement method 
was applied to all resistance measurements. 
 (a)  (b)  (c)
  
Fig. 2. AFM images of the bridge ((a) before AFM lithography and (b) after the lithography), and (c) the profile of the trench. 
(a)
         
(b)
   
Fig. 3. (a) The result of R-T measurements and (b) the I-V characteristics after the first lithography. Inset shows the temperature dependence of 
the critical current. 
3. Result and Discussion 
To make the SC/HF/SC junction, we scratched the YBCO thin film by a cantilever several times. Processing the 
films by scratching, as the voltage to the piezoelectric semiconductor was applied, the piezoelectric semiconductor 
became hard. The sample was pressed with the cantilever and was scratched. Figures 2(a) and (b) show the AFM 
images before and after the first scratching. Figure 2(c) shows the profiles along red and green lines of Fig. 2(a) and 
(b). The dotted line and solid line indicate the profile before and after AFM lithography, respectively. In the first 
fabrication, we can succeed to make the trench, which has the depth of about 55. Comparing the SEM image of the 
cross section, it implies that YBCO layer still remains. We carried out the R-T and the I-V measurements on this 
sample (shown in Figs. 3(a) and (b)). The sample shows the superconductivity at T = 85 K in Fig. 3(a). In Figs. 3(a) 
and (b), a finite resistance (around 0.1 Ω) is remained because of the contact resistance, and the inset of Fig. 3(b) 
indicates the temperature-dependence critical currents determined from the results of the I-V measurements. From 
Fig. 3(b), assuming the YBCO critical current as 0.1 A/μm2, it implies that the YBCO remains in the 10 μm height. 
It is consistent with the AFM profiles of the remaining YBCO. 
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Next, we processed the second AFM lithography. Figures 4(a) and (b) show the result of the AFM images before 
and after the second scratching, and (c) is the profiles along the red and green lines in Figs. 4(a) and (b), respectively. 
From Fig. 4(c), it is seemed that Au and YBCO layer is removed completely. The detail of the profile of the bottom 
of the left valley is shown in Fig. 5 before and after the second AFM lithography. By the second scratching, YBCO 
layer is seemed to be dug about 10 nm in depth. As the curvature radius of the cantilever is calculated as 80 nm, 
indicated with the blue line shown in Fig.5, it is considered that the profile reflects the shape of the cantilever. The 
HF-layer length of the S/HF/S junction was estimated to be 32 nm from that curvature radius. Finally, we show the 
result of the R-T measurements after the first and second AFM lithography in Fig. 6. The superconducting transition 
temperature cannot be found. Assuming the size of the LSMO (length: 1 μm, width: 30 nm, depth: 50 nm) on the 
current path, the estimated resistivity (~1 Ωm) is very higher than that of LSMO (~10-5 Ωm) [20]. While the 
resistivity of LSMO is normally decreased with decreasing temperature, the resistivity of the result is increased. The 
reason of the increasing resistivity is that the sample might deteriorate, because thin film was exposed to air or 
moisture after removing the Au layer.  
 
 (a)
 
  (b)
  
(c)
  
Fig. 4. The AFM image ((a) before and (b) after the second AFM lithography), and (c) the height profiles before and after the lithography. 
                  
                Fig. 5. Detail of the profile on the bottom surface.                    Fig. 6. Result of R-T measurements after the second lithography.  
4. Conclusion 
We have fabricated YBCO/LSMO/YBCO lateral structure by scratching technique with AFM cantilever. As the 
result, we can produce the junction of 30 nm HF-layer. However, superconductivity of the junction did not emerge 
after AFM lithography from R-T measurement and Josephson current was not observed to flow in the LSMO layer 
with the length of 30 nm.  
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